CLIP-170 is implicated in the formation of kinetochoremicrotubule attachments through direct interaction with the dynein/dynactin complex. However, whether this important function of CLIP-170 is regulated by phosphorylation is unknown. Herein, we have identified polo-like kinase 1 (Plk1) and casein kinase 2 (CK2) as two kinases of CLIP-170 and mapped S195 and S1318 as their respective phosphorylation sites. We showed that a CK2 unphosphorylatable mutant lost its ability to bind to dynactin and to localize to kinetochores during prometaphase, indicating that the CK2 phosphorylation of CLIP-170 is involved in its dynactin-mediated kinetochore localization. Furthermore, we provide evidence that Plk1 phosphorylation of CLIP-170 at S195 enhances its association with CK2. Finally, we detected defects in the formation of kinetochore fibres in cells expressing the CLIP-S195A and -S1318A, but not the CLIP-S195E and -S1318D, confirming that Plk1-and CK2-associated phosphorylations of CLIP-170 are involved in the timely formation of kinetochore-microtubule attachments in mitosis. The EMBO Journal VOL 29 | NO 17 | 2010 EMBO THE EMBO JOURNAL THE EMBO JOURNAL Plk1 and CK2 target CLIP-170 H Li et al
Introduction
Microtubules are active cytoskeletal elements, the dynamics of which are regulated by several classes of microtubulebinding proteins (Akhmanova and Steinmetz, 2008 ). An interesting group of microtubule-binding proteins is the þ TIPs, which associate with the plus ends of microtubules and bridge to microtubule targets, such as kinetochores (Schuyler and Pellman, 2001) . CLIP-170, the founding member of the þ TIPs (Pierre et al, 1992) , is composed of three separate regions: N-terminus, central coiled-coil region, and C-terminus ( Figure 1A) . In addition to two cytoskeletonassociated protein glycine-rich domains, the N-terminus has three serine-rich regions. The N-terminal domain has an essential function in microtubule targeting, the central domain is responsible for dimerization of the protein, and the C-terminus, containing two zinc-finger domains, interferes with microtubule binding by interacting with the N-terminus (Lansbergen et al, 2004) .
CLIP-170 has documented functions in microtubule-dependent processes during interphase, such as recruiting dynactin to the microtubule plus ends (Lansbergen et al, 2004) and promoting microtubule rescue (Komarova et al, 2002) . CLIP-170 also has an essential function during mitosis (Dujardin et al, 1998; Wieland et al, 2004; Tanenbaum et al, 2006) . Deletion of the C-terminal domain of Bik1, the budding yeast homologue of CLIP-170, caused defects in chromosome segregation (Moore et al, 2006) . Moreover, knockdown of CLIP-170 in human cells led to mitotic block (Wieland et al, 2004) , because of failure of the formation of kinetochore-microtubule attachments (Tanenbaum et al, 2006) . However, CLIP-170 knockout mice appear normal and fibroblasts derived from the knockout mice have only minor defects in chromosome alignment (Akhmanova et al, 2005) , suggesting that redundant pathways in CLIP-170 function might exist for kinetochore-microtubule interaction (Tanenbaum et al, 2006) . In addition, the kinetochore localization of CLIP-170 is dependent on the dynein/dynactin complex (Coquelle et al, 2002; Tai et al, 2002; Tanenbaum et al, 2006) . The C-terminal zinc-finger domain of CLIP-170 is responsible for its interaction with dynactin (Lansbergen et al, 2004) ; however, whether this interaction is regulated by phosphorylation is currently unknown.
Several reports have shown that CLIP-170 is a phosphoprotein and that phosphorylation regulates its microtubulebinding ability (Rickard and Kreis, 1991; Choi et al, 2002) . FKBP12-rapamycin-associated protein (FRAP) and Cdc2 are two CLIP-170 kinases identified (Choi et al, 2002; Yang et al, 2009 ). Biochemical and genetic data from various organisms have documented that Polo-like kinase 1 (Plk1) is involved in many cell-cycle-related events, such as bipolar spindle formation and sister chromatid segregation (Glover et al, 1998; Nigg, 1998) . Casein kinase 2 (CK2), the most pleiotropic Ser/ Thr-specific protein kinase known to date, is active in both mitosis and interphase. Among the 4300 CK2 substrates discovered, are proteins that are implicated in cell-cycle control, DNA replication, and proliferation (Meggio and Pinna, 2003) . Herein, we use multiple approaches to show that Plk1 and CK2 phosphorylate CLIP-170. Plk1 and CK2 target S195 and S1318, respectively. Significantly, we show that CK2 phosphorylation of CLIP-170-S1318 is required for its dynein/dynactin-dependent kinetochore localization and that the Plk1-associated phosphorylation of CLIP-170-S195 facilitates its interaction with CK2. Finally, we provide evidence that phosphorylation of CLIP-170 by Plk1 and CK2 is essential for the timely formation of microtubule-kinetochore attachments.
Results

Plk1 phosphorylates CLIP-170 in vitro
In a search for Plk1-interacting proteins, we have identified CLIP-170 as a potential Plk1 target. To determine whether CLIP-170 is a bona fide Plk1-interaction partner, we analysed the association between Plk1 and CLIP-170 in cells. HEK293T cells were co-transfected with GFP-CLIP-170 and Flag-Plk1wild type (WT) or a kinase-defective mutant Flag-Plk1-K82M (Lee et al, 1995) . To block the cells at mitosis, cells were treated with nocodazole. Lysates were subjected to anti-Plk1 immunoprecipitation (IP), and the presence of associated CLIP-170 was determined by immunoblotting (IB). As indicated, over-expressed GFP-CLIP-170 was co-IPed with Flag-Plk1. Interestingly, WT Plk1 formed a less stable complex with CLIP-170 than the Plk1 K82M mutant (Supplementary Figure 1 CLIP-170 is a Plk1/CK2 substrate in vitro and in vivo. (A) Schematic of CLIP-170 with two-identified Plk1/CK2 phosphorylation sites. * marks the two phosphorylation sites. (B) Lysates from HeLa cells that were treated with or without 100 ng/ml nocodazole (Noc) for 12 h were immunoprecipitated with anti-CLIP-170 antibodies, followed by western blotting as indicated. Protein A/G beads only lanes serve as washing controls. (C) GST-Plk1-WT (wild type) or -K82M mutant (kinase defective) was incubated with four purified GST-CLIP-170 fragments (N1, 1-364; N2, 354-733; C1, 716-1101; C2, 1089-1392) in the presence of [g-32 P]ATP. The reaction mixtures were resolved by SDS-PAGE, stained with Coomassie Brilliant Blue (Coom.), and detected by autoradiography. (D, E) Plk1 was incubated with different forms of CLIP-170-N1 (D) or -C2 (E) as in (C). (F) CK2 was incubated with indicated forms of GST-CLIP-170 fragments (N1 or C2). (G) HEK 293T cells were transfected with GFP-CLIP-170 constructs (WT, S195A, or S1318A), treated with nocodazole, and immunoblotted with antibodies indicated. (H) Lysates from 293T cells transfected with GFP-CLIP-170 were treated with l-phosphatase, followed by western blotting. (I) HeLa cells were depleted of Plk1 with dsRNA, re-transfected with GFP-CLIP-170, treated with nocodazole, and harvested for western blotting. (J) HeLa cells were depleted of Plk1 or CK2 with dsRNA, re-transfected with GFP-CLIP-170, treated with nocodazole, and subjected for western blotting analysis. (K) HeLa cells were Plk1 depleted with dsRNA, treated with nocodazole, and immunoblotted. (L) HeLa cells were CK2 depleted with dsRNA, treated with nocodazole, and immunoblotted. Figure S1A ). This binding profile is suggestive of an enzymesubstrate relationship between Plk1 and CLIP-170.
As CLIP-170 and Plk1 co-immunoprecipitated in transfected cells, we sought to determine whether such an interaction could be detected between the two endogenous proteins. Extracts from asynchronous (ÀNocodazole) or mitotic ( þ Nocodazole) cells were subjected to IP with CLIP-170 antibodies, followed by IB. A complex was detected between endogenous Plk1 and CLIP-170 in mitotic cells, but not in interphase cells ( Figure 1B) . To map the CLIP-170 domain responsible for Plk1-binding, cells were transfected with GFP-fusion CLIP-170 full length (aa 4-1392), CLIP-170-N (aa 4-309), or CLIP-170-C (aa 348-1392), arrested in mitosis, and harvested for anti-Plk1 IP. Both full-length and the N-terminal domains of CLIP-170 were co-IPed with Plk1 antibodies, suggesting that CLIP-170 interacts with Plk1 through its N-terminus (Supplementary Figure S1B , lanes 4-6).
To determine whether CLIP-170 is a substrate of Plk1, four CLIP-170 fragments were incubated with Plk1 (WT or KM) in the presence of [g-32 P]ATP. Both CLIP-170-N1 (aa 1-364) and CLIP-170-C2 (aa 1089-1392) were phosphorylated by Plk1-WT, but not Plk1-KM. The N-terminus of CLIP-170 served as a more robust substrate for Plk1 than the C-terminus ( Figure 1C ). To map the phosphorylation sites, we generated a series of serine/threonine to alanine mutations within aa 1-364 and aa 1089-1392 of CLIP-170. A single mutation of S195 or S1318 to alanine was sufficient to completely abolish the phosphorylation signal within aa 1-364 or 1089-1392 of CLIP-170, respectively ( Figure 1D and E).
CK2 phosphorylates CLIP-170 in vitro
It has been reported that the Plk1 consensus sequence can be targeted by CK2 as well (Wells et al, 1994; Li et al, 2008) . Co-IP experiments confirmed that over-expressed GFP-CLIP-170 associated with endogenous CK2 (Supplementary Figure  S1C ) and indicated that CLIP-170 associated with CK2 through its N-terminus (Supplementary Figure S1B, lanes 7-9). We next examined whether CLIP-170 is also a substrate of CK2. In vitro kinase assays indicated that CK2 phosphorylated CLIP-170-aa 1089-1392, but not CLIP-170-aa 1-364, and a single mutation of S1318 to alanine was sufficient to completely abolish the phosphorylation signal within aa 1089-1392 ( Figure 1F ). Moreover, addition of a CK2-specific inhibitor, TBB (Ruzzene et al, 2002) , prevented the phosphorylation of CLIP-170 by CK2, confirming the specificity of kinase reactions (Supplementary Figure S1D ).
In vivo, Plk1 phosphorylates CLIP-170 at Ser195, whereas CK2 phosphorylates CLIP-170 at Ser1318
To investigate CLIP-170 phosphorylation in vivo, a series of phospho-peptide mapping experiments was performed. HEK293T cells were transfected with GFP-CLIP-170 (WT or mutants), re-transfected with siRNA to deplete Plk1, treated with nocodazole, and incubated with [ 32 P]orthophosphate in the presence or absence of TBB. After lysates were subjected to anti-GFP IP, phosphoproteins were digested with trypsin or endoproteinase Glu-C, and resolved by alkaline PAGE. Introduction of the S195A mutation led to complete disappearance of one phospho-peptide, and Plk1 depletion also reduced the intensity of the same peptide, suggesting that Plk1 kinase activity is required for S195 phosphorylation (Supplementary Figure S1E) . Similarly, both the S1318A mutation and TBB treatment resulted in the disappearance of another phospho-peptide, indicating that CK2 is the kinase for S1318 phosphorylation (Supplementary Figure S1F) .
To confirm the kinase/substrate relationship, two phospho-specific antibodies (pS195 and pS1318) were generated. A series of control experiments was performed to characterize specificity of the antibodies. First, purified GST-CLIP-170aa 1-364 (Supplementary Figure S1G) or CLIP-170-aa 1089-1392 (Supplementary Figure S1H ) were incubated with Plk1 or CK2 in the presence of unlabelled ATP, followed by anti-pS195 or anti-pS1318 IB. As indicated, an anti-pS195 signal was detected only in the sample that was pre-incubated with Plk1, and an anti-pS1318 signal was detected only in the sample that was pre-incubated with CK2, suggesting that neither of the two antibodies recognizes the unphosphorylatable form of CLIP-170. Furthermore, S195A and S1318A mutations completely abolished the respective anti-pS195 and anti-pS1318 western signal, indicating that the antibodies recognize only phosphorylated forms of CLIP-170 at those two sites. Next, HEK293T cells expressing GFP-CLIP-170 (WT, S195A, or S1318A) were analysed by IB with the two antibodies. Both pS195 and pS1318 signals were detected in cells expressing CLIP-170-WT, but not -S195A or -S1318A, respectively ( Figure 1G ), indicating that both sites are phosphorylated in vivo. Both pS195 and pS1318 antibodies are specific, as only one major band in each case was observed when they were used for IB with cell lysates (Supplementary Figure S1I and J). Treatment of lysates with l-phosphatase led to loss of both epitopes, confirming that both sites are phosphorylated in vivo ( Figure 1H ). To assign the kinases responsible for the two phosphorylation sites identified, RNAi was used to deplete the two possible kinases, Plk1 and CK2. Plk1 depletion inhibited the generation of the pS195 epitope in both over-expressed GFP-CLIP-170 ( Figure 1I ) and the endogenous protein ( Figure 1K ), supporting the notion that Plk1 is the major kinase responsible for CLIP-170-S195 phosphorylation. Considering that Plk1 also phosphorylates S1318 in vitro ( Figure 1C ), we carefully assessed the level of the pS1318 epitope after Plk1 depletion. Plk1 depletion partially decreased the pS1318 epitope ( Figure 1J ), suggesting that Plk1 is unlikely the major kinase responsible for CLIP-170-S1318 phosphorylation in cells, but Plk1-associated kinase activity might also enhance phosphorylation of S1318. In contrast, CK2 depletion reduced about 90% of the pS1318 epitope in both over-expressed GFP-CLIP-170 ( Figure 1J ) and the endogenous protein ( Figure 1L ), indicating that CK2 is the major kinase responsible for CLIP-170-S1318 phosphorylation. We acknowledge that CK2 depletion did not completely abolish the pS1318 epitope, suggesting that additional unidentified kinases might also contribute to phosphorylation of S1318. It has been established that both Plk1 and CK2 prefer a target sequence containing negatively charged residues nearby and that two kinases might share the same sites in some substrates (Wells et al, 1994; Nakajima et al, 2003; . The two phosphorylation sites identified in IS and DS 1318 DD) fit the Plk1 and CK2 target consensus sequence ( Figure 1A ).
Temporal and spatial regulation of CLIP-170 phosphorylation
As the level of Plk1 is cell-cycle regulated and Plk1 phosphorylates CLIP-170, we asked whether CLIP-170 phosphorylation is regulated throughout the cell cycle. HeLa cells were synchronized with the double thymidine block at the G1/S boundary and released for different times. As shown in Figure 2A , phosphorylation of CLIP-170-S195 starts in late S phase, accumulates in G2, and reaches a peak in mitosis, matching the Plk1-expression pattern. Although phosphorylation of CLIP-170-S1318 is detected in early S phase, the pS1318 epitope does increase as cells go through mitosis , released for different times, and harvested for western blotting with antibodies as indicated. (B) After treatment with nocodazole, HeLa cells were collected with mitotic shake-off, released for different times, and analysed by western blotting. (C, D) Cells were depleted of CLIP-170 and co-stained with antibodies against CLIP-170 and pS195 or pS1318. (E, F) Cells were synchronized as in (A), released for 10 h to enrich at mitosis, and co-stained with antibodies against a-tubulin and pS195 or pS1318. (G) Cells were depleted of CLIP-170, treated with nocodazole, and co-stained with antibodies against Hec1 and pS195 or pS1318. (H) HeLa cells stably expressing GFP-centrin (top) or a-tubulin (bottom) were treated with BI2536 and immunostained with pS195 or pS1318. (I) HeLa cells stably expressing GFP-tubulin were synchronized with a triple thymidine block protocol coupled with TBCA treatment (16 h first thymidine block, 6 h release, first TBCA treatment for 6 h, second thymidine block for 12, 6 h release, second TBCA treatment for 6 h, third thymidine block for 12 h, release for 10 h in the presence of TBCA) and immunostained. Ratios between the intensities of pS1318 and a-tubulin staining were indicated in the lower panel. Bars, 5 mm.
( Figure 2A ). We also noticed that phosphorylation of S195 peaks at late G2/early mitosis (8-12 h), whereas phosphorylation of S1318 reaches a maximum in late mitosis (14 h). Therefore, we conclude that both CLIP-170-S195 and -S1318 phosphorylation are cell-cycle regulated. One possible reason for the presence of the pS1318 epitope in S phase is the slower dephosphorylation at this site after mitosis, compared with that of the pS195 epitope. The overall patterns of the pS195 and pS1318 epitopes across the cell cycle again suggest that Plk1 activity enhances phosphorylation of S1318, but not absolutely essential, as the level of CK2 is not cell-cycle regulated. In addition, we always observed doublets in pS195, pS1318, and CLIP-170 blots. As antibodies used for these IB were developed in our laboratory and used for IB to detect endogenous proteins for the first time, we asked whether both bands within the doublets were from CLIP-170 or one of the bands detected was due to a non-specific protein. After HeLa cells were depleted of CLIP-170, both upper and lower bands within the doublet disappeared (Supplementary Figure S2A ), suggesting that both bands within the doublet detect CLIP-170. Considering that CLIP-170 is a protein with multiple phosphorylation sites, we propose that the doublets in CLIP-170 IB might represent two different modified forms of CLIP-170. To further examine the two phospho-epitopes in late mitosis, HeLa cells were treated with nocodazole to block at prometaphase and released for different times after mitotic shake-off ( Figure 2B ). As indicated, the pS195 signal was detected in nocodazoleblocked cells and quickly decreased as cells entered into late mitosis (1 h post-release), whereas the pS1318 signal was low in early mitosis, peaked at anaphase (1 h post-release), and remained to be high as cells exited mitosis (100 min postrelease). These observations indicated that Plk1 phosphorylates CLIP-170 at early mitosis and that maximum CLIP-170 phosphorylation by CK2 likely occurs at middle/late mitosis.
We wanted to determine the subcellular localization of phospho-CLIP-170 during cell-cycle progression by immunofluorescence (IF) staining. First, we tested the antibodies on CLIP-170-depleted cells. CLIP-170 was depleted using two different RNAi approaches (Supplementary Figure S2B and C). Moreover, depletion of CLIP-170 by at least 95% led to the disappearance of both pS195 and pS1318 epitopes upon immunostaining, validating the use of these two antibodies in IF ( Figure 2C and D; Supplementary Figure S2D ). Consistent with the IB results, the pS195 epitope is very low during interphase, and starts to be detected in late G2 phase in centrosomes. Major phospho-CLIP-170-S195 was detected at spindle poles throughout mitosis and some weak phospho-CLIP-170-S195 signal was observed in spindle microtubules in metaphase and anaphase. Finally, phospho-CLIP-170-S195 localizes at mid-bodies in telophase ( Figure 2E ). In contrast, the pS1318 epitope matches the atubulin-staining pattern during mitosis. It localizes to microtubule asters in late G2/prophase, to spindles in metaphase and anaphase, and to mid-bodies in telophase. Furthermore, the overall intensity of the pS1318 epitope increases significantly from G2 to late mitosis ( Figure 2F ). CLIP-170 localization at various mitotic structures (centrosomes in G2 and prophase, spindles in metaphase and anaphase, and midbodies in telophase) was also detected by co-staining with an a-tubulin antibody (Supplementary Figure S2E) . It was shown that CLIP-170 localizes to unattached kinetochores at the onset of prometaphase (Tanenbaum et al, 2006) (Supplementary Figure S2F ). We were able to detect kinetochore localization of both pS195 and pS1318 epitopes in the absence of microtubule-kinetochore attachments, and both epitopes in kinetochores disappeared upon CLIP-170 depletion ( Figure 2G ). To confirm the specificity of the subcellular localization of the pS195 and pS1318 epitopes, IF staining was performed in the presence of Plk1 and CK2 inhibitors. Whereas the pS195 epitope was consistently reduced in centrosomes in the presence of BI2536, a Plk1 inhibitor (Brennan et al, 2007) , the pattern of the pS1318 epitope was slightly changed after BI2536 treatment ( Figure 2H ), confirming that Plk1 is mainly responsible for the generation of the pS195, but might affect the pS1318 epitope as well. Incubation of cells with a CK2 inhibitor, TBCA (Pagano et al, 2007) , reduced, but did not completely inhibit, pS1318 distribution in spindles ( Figure 2I ), consistent with the slow dephosphorylation process of this epitope after mitosis (Figure 2A and B ). An alternative explanation of these data is that S1318 might be targeted by additional unidentified kinases as well.
As a control, treatment of cells with BI2536 and TBCA did not affect spindle pole localization of total CLIP-170 (Supplementary Figure S2G ). Although cells treated with BI2536 resulted in a moderate but consistent reduction of CLIP-170 on kinetochores, TBCA treatment led to a more significant effect in terms of kinetochore localization (Supplementary Figure S2H ). Finally, we showed that neither BI2536 nor TBCA treatment affects kinetochore localization of p150 glued , the major subunit of the dynactin complex (Supplementary Figure S2I) .
Phosphorylation of CLIP-170 at Ser1318 is required for its dynactin-dependent kinetochore localization CLIP-170 interacts with dynactin through its C-terminus, and this interaction is critical for the essential function of CLIP-170 in the formation of kinetochore-microtubule attachments (Lansbergen et al, 2004; Tanenbaum et al, 2006; Yang et al, 2007) . To determine the functional significance of S1318 phosphorylation, we expressed RNAi-resistant rat GFP-CLIP-170 with different substitutions at S1318 in the absence of endogenous protein and analysed the effect of these mutations on its association with dynactin. As indicated, introduction of alanine at S1318 of CLIP-170 reduced its association with p150 glued , the major subunit of the dynactin complex ( Figure 3A ). Furthermore, dynactin associated tightly with CLIP-170-S1318D, emphasizing the significance of CLIP-170-S1318 phosphorylation in its interaction with dynactin. As we have shown that CK2 is the major kinase responsible for CLIP-170-S1318 phosphorylation, we tested whether CK2 inhibition would affect the association of CLIP-170 with dynactin. As indicated, the addition of TBCA reduced the dynactin association with CLIP-170 ( Figure 3B ). Alternatively, CK2 depletion reduced dynactin association with CLIP-170-WT ( Figure 3C ). However, we acknowledge that CK2 depletion also inhibits binding of CLIP-170-S1318D to p150 Glued , suggesting that S1318 might not be the only site targeted by CK2. Alternatively, CK2 might also target p150 Glued , whose phosphorylation is involved in its interaction with CLIP-170.
To confirm the phenotype aforementioned, a U2OS cell line stably expressing GFP-p150 glued was generated. A GST pull-down assay with lysates from this cell line indicated that the CLIP-170-C-terminus binds to p150 glued and that preincubation with CK2 enhanced the binding ( Figure 3D ). Furthermore, the GFP-p150 glued -expressing cell line was used to express myc-tagged CLIP-170 constructs. It has been established that over-expression of CLIP-170 causes the formation of microtubule bundling and that the microtubule localization of dynactin is CLIP-170 dependent (Coquelle et al, 2002) . Therefore, over-expression of myc-CLIP-170 in cells stably expressing GFP-p150 glued led to the formation of p150 glued bundles (Supplementary Figure S3A ). Quantification indicated that the relative intensity of GFP-p150 glued versus myc-CLIP-170 is dependent on phosphorylation state of CLIP-170-S1318 (Supplementary Figure S3B ), but not that of CLIP-170-S195, consistent with the co-IP and GST pull-down data. We also expressed the same myc-CLIP-170 constructs in regular U2OS cells and analysed the endogenous p150 glued pattern ( Figure 3E ). Over-expression of CLIP-170-S1318D had the most dramatic effect in CLIP-170 expression-induced bundle formation of endogenous p150 glued ( Figure 3F ). Taken together, we concluded that CK2 phosphorylation of CLIP-170-S1318 is involved in its association with dynactin during mitosis. Figure 3 Phosphorylation of S1318 of CLIP-170 is essential for dynactin-mediated kinetochore localization. (A) HeLa cells were co-transfected with pBS/U6-CLIP-170 and rat GFP-CLIP-170 (WT, S1318A, S1318D) at a ratio of 2:1. After 1 day of transfection, cells were treated with nocodazole for 14 h to block the cells at mitosis. Lysates were subjected to anti-p150 glued IP, followed by anti-GFP immunoblot analysis. Protein A/G beads only lanes serve as washing controls. (B) Transfected cells as in (A) were treated with TBCA and subjected to anti-p150 glued IP, followed by western blotting. (C) HeLa cells were depleted of CK2a with vector-based RNAi, re-transfected with GFP-CLIP-170, treated with nocodazole, and immunoprecipitated. (D) Lysates from U2OS cells stably expressing GFP-p150 glued were incubated with purified GST-CLIP-170-N (aa 4-309), -C (aa 348-1392), or -C (aa 348-1392) pre-incubated with CK2a, subjected to GST pull-down assays, and analysed by western blotting. (E, F) U2OS cells were transfected with myc-CLIP-170 constructs, co-stained with antibodies against p150 glued and myc (E), and relative intensity between p150 glued versus myc-CLIP-170 was quantified (F). To quantify, the region with p150 glued bundles was encircled, and a ratio of fluorescence intensity (p150 glued versus myc) within the encircled region was calculated. All the imaging parameters were kept constant during data acquisition. At least 100 cells were quantified for each construct. (G) CLIP-170-depleted HeLa cells were transfected with rat GFP-CLIP-170, treated with nocodazole, and co-stained with antibodies against GFP and p150 glued . (H) CK2-depleted HeLa cells were synchronized in mitosis and co-stained with antibodies against CLIP-170 and Hec1. (I) Ratios of kinetochore fluorescence intensities between CLIP-170 and Hec1 staining were quantified (n450). Bars, 5 mm. CLIP-170 is targeted to unattached kinetochores in a dynein/dynactin-dependent manner (Coquelle et al, 2002) . We have provided evidence that phosphorylation of CLIP-170 by CK2 is required for its association with dynactin. Therefore, we asked whether the phosphorylation of CLIP-170 by CK2 regulates its kinetochore localization during prometaphase. As shown in Supplementary Figure S2F , colocalization of CLIP-170 with Hec1 (a kinetochore marker) or p150 glued at kinetochores was detected in nocodazole-treated cells. Next, HeLa cells were transfected with GFP-CLIP-170 (WT, S1318A, S1318D) ( Figure 3G, top panel) , treated with nocodazole, and stained with anti-GFP antibodies. Both CLIP-170-WT and -S1318D co-localized with dynactin to kinetochores, whereas CLIP-170-S1318A failed to do so ( Figure 3G , bottom panel). Moreover, we monitored the kinetochore localization of CLIP-170 in CK2a-depleted cells. HeLa cells were depleted of CK2a ( Figure 3H, top panel) , and stained for CLIP-170 ( Figure 3H, bottom panel) . In CK2-depleted cells, only very weak CLIP-170 signal was detected on kinetochores ( Figure 3I ). In comparison with control cells, CK2a depletion led to nearly 50% reduction of kinetochore-localized CLIP-170, confirming that CK2 phosphorylation has a critical function for recruitment of CLIP-170 onto kinetochores.
These observations were consistent with that the TBCA treatment resulted in a reduction of CLIP-170 at kinetochores (Supplementary Figure S2H, low panel) .
Plk1-dependent phosphorylation of CLIP-170 does not affect tubulin binding
CLIP-170 binds to microtubules in an N-terminal domaindependent manner and this interaction is regulated by both conformational changes (Lansbergen et al, 2004) and phosphorylation (Rickard and Kreis, 1991) . Considering that Plk1 phosphorylates CLIP-170 at S195, which is at its N-terminus, we examined whether the Plk1 phosphorylation of CLIP-170 regulates its microtubule-binding behaviour. U2OS cells stably expressing various GFP-CLIP-170 constructs were generated. IF staining with antibodies against a-tubulin (Supplementary Figure S4A ) and EB1, a þ TIP marker (Supplementary Figure S4B) , indicated that these GFP-CLIP-170 constructs have the same subcellular localization as the endogenous protein, the plus ends of microtubules, suggesting that phosphorylation at CLIP-170-S195 does not affect its microtubule binding in interphase. In addition, the tubulin-binding patterns of CLIP-170 were not affected by Plk1 or CK2-mediated phosphorylation in mitosis, either (Supplementary Figure S4C) . In vitro pull-down analysis was used as an alternate approach. Purified GST-CLIP-170aa 1-364 with different mutations (WT, S195A, or S195E) all showed similar tubulin-pull-down ability ( Figure 4A ), indicating that Plk1 phosphorylation of CLIP-170-S195 does not affect its tubulin-binding ability. This observation was supported by a microtubule-pelleting assay in which both S195A and S195E mutants of CLIP-170-aa 1-364 showed the same binding capacity as that of WT CLIP-170 ( Figure 4B ).
Plk1-dependent phosphorylation of CLIP-170 enhances its association with CK2
As we have shown that CLIP-170 associates with both Plk1 and CK2 through its N-terminus, we examined whether Plk1 phosphorylation of CLIP-170-S195 regulates its binding to CK2. As indicated, CLIP-170-S195A showed decreased association with CK2 ( Figure 4C ). Moreover, CK2 associates tightly with CLIP-170-S195E, suggesting that CLIP-170-S195 phosphorylation enhances its interaction with CK2. To confirm the significance of Plk1 in CK2/CLIP-170 association, Plk1 was depleted in cells expressing GFP-CLIP-170. Plk1 depletion reduced the association between CK2 and CLIP-170 ( Figure 4D ).
As Plk1 phosphorylation of CLIP-170-S195 is involved in CK2 binding and CK2 is the kinase that targets CLIP-170-S1318, we speculated that Plk1 phosphorylation of S195 might affect the subsequent CK2 phosphorylation of S1318. Indeed, the intensity of the pS1318 epitope in cells expressing CLIP-170-S195A was about 30% of that in cells expressing CLIP-170-WT and -S195E ( Figure 4E ), supporting the notion that Plk1 likely serves as a priming kinase to create a docking site for CK2, thus enhancing its phosphorylation of CLIP-170-S1318. We might point out that we detected about 70% reduction of the pS1318 epitope only in the absence of endogenous CLIP-170 (compare Figure 4E versus 1G) (Supplementary Figure S4D ), suggesting that the endogenous protein might dimerize with GFP-CLIP-170-S195A, thus facilitating the generation of the S1318 epitope ( Figure 4F ). Overall, our data support the conclusion that Plk1 phosphorylation of CLIP-170-S195 enhances CK2 phosphorylation of CLIP-170-S1318, but is not absolutely required.
As we have shown that the kinetochore localization of CLIP-170 is mediated by CK2 phosphorylation-dependent dynactin association, and that Plk1 phosphorylation of CLIP-170-S195 is involved in its association with CK2, we reasoned that both the dynactin association and kinetochore localization of CLIP-170 might be affected by Plk1associated kinase activity. As expected, the binding between CLIP-170 and dynactin was reduced by 80% in Plk1-depleted cells ( Figure 4G ). Moreover, both CLIP-170-WT and -S195E co-localized with dynactin to kinetochores, whereas CLIP-170-S195A failed to do so ( Figure 4H ). Finally, we consistently observed reduced kinetochore localization of CLIP-170 in Plk1-depleted cells. Compared with control cells, nearly 79% of Plk1-depleted cells showed no detectable kinetochore localization of CLIP-170 ( Figure 4I ). These observations suggest that Plk1-dependent phosphorylation is involved in the proper kinetochore localization of CLIP-170 during mitosis.
Phosphorylation of CLIP-170 by both Plk1 and CK2 is involved in timely microtubule-kinetochore attachments during mitosis
It has been documented that CLIP-170 has an essential function in microtubule attachments at kinetochores during mitosis (Tanenbaum et al, 2006) . We, therefore, examined whether the phosphorylation of CLIP-170 by Plk1 and CK2 is involved in its functions during these processes. To detect defects of microtubule attachments at kinetochores, HeLa cells were synchronized at G1/S border by 20 h thymidine block, released for 8 h, incubated for additional 3 h in nocodazole-containing media, washed two times, released in fresh media for 30 min, and stained for Mad2, which specifically binds to unattached kinetochores during mitosis. A representative Mad2-staining image is shown in Figure 5A . As indicated, about 16% of control cells at prometaphase were Mad2 positive at 30 min post-release, indicating that most of the control cells had achieved microtubule-kinetochore attachments. However, almost 78% of CLIP-170-depleted cells at prometaphase were Mad2 positive ( Figure 5B) . These observations confirm that CLIP-170 is required for proper microtubule-kinetochore attachments during mitosis. Next, we tested whether CK2 and Plk1 are also involved in these processes. Both CK2 and Plk1 depletions led to much higher percentages of Mad2-positive cells (Figure 5C ), indicating that two kinases are involved in the timely formation of kinetochore-microtubule attachments as well.
To test whether phosphorylation at S195 and S1318 regulates the essential function of CLIP-170 in the timely formation of microtubule-kinetochore attachments, a series of Figure 4 Plk1 phosphorylation of CLIP-170-S195 is essential for its association with CK2. (A) After incubation with GST-CLIP-170-N-aa 1-364 (WT, S195A or S195E) proteins bound on glutathione-agarose beads, microtubules associated with the GST-fusion proteins were separated by low-speed centrifugation, followed by western blotting. (B) After purified GST-CLIP-170 proteins were incubated with microtubules, the supernatants and pellets were separated by ultracentrifugation. Microtubules and associated materials were analysed by western blot. CLIP-170-N: aa 1-364, CLIP-170-C: aa 1089-1392. (C) CLIP-170-depleted HeLa cells were transfected with rat GFP-CLIP-170, treated with nocodazole, and immunoprecipitated with CK2b antibodies, followed by western blotting. Protein A/G beads only serve as washing controls. (D) HeLa cells were depleted of Plk1, re-transfected with GFP-CLIP-170, treated with nocodazole, and immunoprecipitated with CK2b antibodies, followed by western blotting. Protein A/G beads only serve as washing controls. (E) CLIP-170-S195 phosphorylation affects S1318 phosphorylation. Cells as in (C) were immunoblotted. Numbers indicate the relative pS1318 intensity. (F) 293T cells were transfected with GFP-CLIP-170-S195A and harvested. Lysates were subjected to anti-GFP IP, followed by anti-CLIP-170 western blotting. Positions of GFP-CLIP-170 and endogenous CLIP-170 are indicated on the right. (G) Transfected cells as in (D) were immunoprecipitated with p150 glued antibodies, followed by western blotting. Numbers indicate the relative GFP-CLIP-170 co-immunoprecipitated. (H) Kinetochore localization of CLIP-170 is S195-phosphorylation dependent. HeLa cells were co-transfected with pBS/U6-CLIP-170 and rat GFP-CLIP-170 (WT or S195 mutants) at a ratio of 2:1 and immunostained. Efficient protein expression of CLIP-170 constructs is indicated in the upper panel. rescue experiments were performed. After 30 min post-release from nocodazole block, about 83% CLIP-170-depleted cells were detected as Mad2 positive ( Figure 5D ). Among them, nearly 76% cells showed 43 Mad2-positive kinetochores and about 33% cells had 420 kinetochores with detectable Mad2 signals ( Figure 5E ). Expression of rat GFP-CLIP-170-WT reduced the Mad2-positive cells to 25%, whereas 35% of GFP-CLIP-170-S195A-transfected cells and, significantly, 64% of GFP-CLIP-170-S1318A-expressing cells remained Mad2 positive ( Figure 5D ). We also quantified Mad2-positive cells in terms of kinetochore localization in the absence of endogenous CLIP-170. In CLIP-170-WT-transfected cells, only 28% of the population showed 43 Mad2positive kinetochores, whereas 42 or 54% of the populations exhibited 43 Mad2-positive kinetochores in CLIP-170-S195Aor -S1318A-expressing cells, respectively ( Figure 5E ). These observations indicate that both WT CLIP-170 and S195A, but not S1318A, can partially reverse the defect in CLIP-170depletion-induced microtubule-kinetochore attachments. As the kinetochore localization of CLIP-170 is mediated by its interaction with the dynactin complex, we propose that the weak ability of S1318A to reverse the defect is likely due to its low-binding affinity to the dynactin complex. Compared with the very weak ability of S1318A, S195A exhibited partial reverse ability, likely because of over-expression of the protein. In contrast to S1318A, although S195A cannot be phosphorylated by Plk1, it probably still could be partially phosphorylated by CK2 at S1318, especially when over-expressed ( Figure 4E ). Therefore, S195A, phosphorylated at S1318, would also have the ability to interact with the dynactin complex. Accordingly, S195A showed higher reverse ability than S1318A, which almost completely lost its binding ability with the dynactin complex.
As described above, both CLIP-170-S195A and CLIP-170-S1318A showed reduced rescue ability to CLIP-170 depletioninduced Mad2 accumulation at kinetochores. We asked whether CLIP-170 phosphorylation would directly regulate Mad2 stripping from kinetochores, failure of which would also lead to Mad2 accumulation at kinetochores without causing a defect in kinetochore-microtubule attachments. Figure 5 Phosphorylation of CLIP-170 by both Plk1 and CK2 is required for timely microtubule-kinetochore attachments. (A, B) CLIP-170depleted HeLa cells were synchronized by the double thymidine block, released for 8 h, and treated with nocodazole for 3 h. Cells were released from the nocodazole block for 30 min, co-stained with antibodies against Mad2 and Hec1 (A), and quantified (B). Bars, 5 mm. (C) HeLa cells were depleted of Plk1 or CK2 and processed as in (A). (D-F) HeLa cells were co-transfected with pBS/U6-CLIP-170 and rat GFP-CLIP-170 (WT, S195A, S1318A) at a ratio of 4:1, processed, and stained for Mad2 as in (A). The number of Mad2-positive kinetochores (D, E) and misaligned chromosomes (F) per cell were quantified. (G, H) The CK2 unphosphorylatable mutant CLIP-170-DN-S1318A (aa 348-1320) loses the ability to serve as a CLIP-170 dominant-negative form. (G) Transfected cells were treated with nocodazole for 3 h, released for 30 min, and stained with Mad2 antibodies. (H) Transfected cells were synchronized by the double thymidine block, released for 20 h, and stained with phospho-H3 antibodies.
As shown in Supplementary Figure S5 , nocodazole treatment resulted in Mad2 accumulation at kinetochores in cells expressing different forms of GFP-CLIP-170 (WT, S195A, or S1318A). Once the cells were released and preceded to anaphase, Mad2 disappeared from kinetochores in all cells, regardless of CLIP-170 being expressed, indicating that Mad2 stripping from kinetochores was not directly regulated by CLIP-170 phosphorylation.
We also explored possible chromosome alignment defects induced by CLIP-170 depletion and compared the rescue ability of CLIP-170 with different phosphorylation states. Although about 93% control U2OS cells had completely aligned their chromosomes after 1 h release from the nocodazole block, almost 50% of CLIP-170-depleted cells were observed with misaligned chromosomes at 1 h post-release. As expected, expression of CLIP-170-WT reduced the cells with misaligned chromosomes to 6% at 1 h post-release, in comparison with 17% of CLIP-170-S195A-expressing cells and 43% of CLIP-170-S1318A-expressing cells, respectively ( Figure 5F ). As we propose that CLIP-170 phosphorylation regulates the timely kinetochore-microtubule attachments, it is reasonable that expression of unphosphorylatable CLIP-170 mutants in the absence of endogenous CLIP-170 would induce severe chromosome alignment defects, as kinetochore dynein is required for formation and stabilization of kinetochore fibres and in powering chromosome motion and congression (Yang et al, 2007) .
It was previously shown that CLIP-170-DN (aa 348-1320) accumulates at kinetochores, consequently, this truncated form of CLIP-170 might compete with and displace endogenous CLIP-170 from kinetochore-binding sites, leading to a dominant-negative inhibition of processes in which CLIP-170 is involved (Dujardin et al, 1998) . Therefore, we also observed an increased both Mad2-positive staining at kinetochores (32%) and phospho-histone H3 staining (a mitosis marker) in cells with over-expression of CLIP-170-DN. However, only 14% of Mad2-positive cells were detected in CLIP-170-DN-S1318A-expressing cells and no mitotic block was observed ( Figure 5G and H) . These studies also suggest that phosphorylation of CLIP-170 at S1318 is required for its kinetochore localization, which is essential for the timely formation of kinetochore-microtubule attachments.
To directly measure microtubule-kinetochore attachments by following kinetochore fibre formation, U2OS cells stably expressing GFP-CLIP-170 constructs were synchronized at prometaphase by nocodazole, released for different times, treated with or without cold, and stained with a-tubulin antibodies ( Figure 6A-C) . Without cold treatment, kinetics of spindle formation is almost identical for all cell lines expressing different forms of CLIP-170, with normal bipolar spindle formation in about 75% of mitotic cells after release from nocodazole block for 20 min ( Figure 6B ). In contrast, cold-stable kinetochore-microtubules were detected in 10, 20, and 32% of mitotic cells expressing GFP-CLIP-170-WT after 20, 30, and 40 min release from the block, respectively. Of note, for cells expressing CLIP-170-S195A, a significant reduction of cold-stable kinetochore-microtubules was detected in all three-time points we analysed. For cells expressing CLIP-170-S1318A, only 2, 7, and 17% of mitotic cells had kinetochore fibres after release for 20, 30, and 40 min, respectively ( Figure 6C ). As expected, kinetochore fibre formation of cells expressing both CLIP-170-S195E and -S1318D was not affected.
As our above data indicate, CLIP-170 phosphorylation is involved in timely creation of microtubule-kinetochore attachments and then loss of phosphorylation should result in defects in mitotic progression. Therefore, time-lapse experiments were performed to examine mitotic progression in live cells expressing different forms of CLIP-170 ( Supplementary  Movies 1-3) . For cells expressing CLIP-170-WT, o40 min is long enough from start of chromosome condensation to anaphase onset. In striking contrast, CLIP-170-S195Aexpressing cells spent at least 50 min and CLIP-170-S1318Aexpressing cells need 470 min to proceed to anaphase ( Figure 6D-F) . Moreover, broad metaphase plates were observed in cells expressing CLIP-170-S1318A, indicating that chromosome congression was aberrant ( Figure 6D ). We propose that these mitotic defects were most likely induced by lack of timely kinetochore fibre formation in cells expressing unphosphorylatable CLIP-170 mutants.
Discussion
Upstream kinases of CLIP-170
It has been established that CLIP-170 is a phosphoprotein and phosphorylation has been proposed to regulate its microtubule binding (Rickard and Kreis, 1991; Hoogenraad et al, 2000; Choi et al, 2002; Vaughan et al, 2002; Vaughan, 2004) . CLIP-170 is phosphorylated at multiple sites and the major phosphorylated residues are serines (Rickard and Kreis, 1991; Choi et al, 2002) . The FRAP phosphorylation of CLIP-170 positively regulates its microtubule-binding behaviour (Choi et al, 2002) . We showed that Cdc2 phosphorylation of CLIP-170 is involved in inhibition of centrosome reduplication after S phase (Yang et al, 2009) . Here, we report that CLIP-170 is phosphorylated at nearly 10 sites ( Supplementary Figure S1E and F). Moreover, we identify Plk1 and CK2 as the major kinases responsible for phosphorylation of CLIP-170 at S195 and S1318, respectively. Considering that FRAP phosphorylation of CLIP-170 regulates its MT-binding ability, the phosphorylation likely occurs at interphase. In contrast, Cdc2, Plk1, and CK2-dependent phosphorylation of CLIP-170 is likely to be a G2/M phase event. As CLIP-170 has wellestablished functions in both interphase and mitosis, it is not surprising that kinases from both interphase and mitosis regulate CLIP-170. Identification of additional kinases for CLIP-170 will help us to further understand the rather complicated regulatory mechanisms of this important molecule.
For some Plk1 substrates, Cdc2 phosphorylation has been shown to generate a docking site to recruit Plk1 towards these substrates (Elia et al, 2003a, b) . Here, we noticed that pS195-CLIP-170 starts at G2, peaks at early mitosis, and quickly decreases at late mitosis. The cell-cycle regulation of the pS195 epitope fits well of the Cdc2 activity profile. We thus examined whether the Plk1 phosphorylation of CLIP-170 is regulated in a Cdc2-dependent manner. Towards that end, typical sequential kinase assays were performed . Sequential exposure of GST-CLIP-170 to Cdc2 and Plk1 did not result in a significant increase of phosphorylation of GST-CLIP-170, indicating that the association between CLIP-170 and Plk1 is not Cdc2-phosphorylation dependent (data not shown). However, the data presented here suggest that Plk1 phosphorylation of CLIP-170-S195 enhances CK2mediated phosphorylation of CLIP-170 at S1318, but is not absolutely essential. Therefore, regulation of CLIP-170 functions by multiple kinases is complex.
CLIP-170 in the timely formation of kinetochoremicrotubule attachments
It has been established that CLIP-170 is recruited to kinetochores in a dynactin-dependent manner (Coquelle et al, 2002) , but how CLIP-170 recognizes and binds to dynactin at unattached kinetochores is unknown. Moreover, CLIP-170 is quickly displaced from kinetochores once the kinetochoremicrotubule attachments are established. How this dynamic behaviour of CLIP-170 is regulated in mitosis is elusive. Here, we provide evidence to support that CK2-dependent phosphorylation of CLIP-170 at S1318 promotes its kinetochore localization through enhancing its interaction with the dynein/dynactin complex. This finding provides one mechanism to explain how CLIP-170 regulates the timely formation of kinetochore-microtubule attachments. As CK2 activity is not cell-cycle regulated, how it specifically phosphorylates CLIP-170 at mitosis is difficult to understand. In this report, we present additional evidence to show that Plk1 phosphorylation of CLIP-170 at S195 could enhance CK2-mediated phosphorylation of CLIP-170, thus increasing CK2 specificity at mitosis.
The function of CLIP-170 during mitosis has been examined by various loss-of-function approaches (Wieland et al, 2004; Tanenbaum et al, 2006 ). An early report showed that depletion of CLIP-170 caused mitotic block because of chromosome misalignment during metaphase (Wieland et al, 2004) . More recently, it was shown that CLIP-170 localizes to unattached kinetochores at prometaphase, and such localization is essential for the formation of Figure 6 Expression of GFP-CLIP-170-S195A or -S1318A-induced mitotic progression defects. (A-C) Timely kinetochore fibre formation is CLIP-170 phosphorylation dependent. U2OS cells stably expressing GFP-CLIP-170 constructs were treated with thymidine for 24 h, released for 6 h, and blocked with nocodazole for additional 5 h. After nocodazole was washed away, cells were released for different times (20, 30, and 40 min), incubated at 41C for 20 min, and stained with a-tubulin antibodies. (A) Representative images for spindles we analysed. Bar, 5 mm. kinetochore-microtubule attachments (Tanenbaum et al, 2006) . Further detailed kinetochore-microtubule attachment defects were confirmed, as a high level of Mad1, which localizes to unattached kinetochores, was observed in CLIP-170-depleted cells (Tanenbaum et al, 2006) . As CLIP-170 directly interacts with kinetochore-localized dynactin, the possible explanation for these observations is that CLIP-170 acts as a hook to guide growing microtubules to kinetochore, thus facilitating timely kinetochore fibre formation (Yang et al, 2007) . As both Plk1 and CK2 phosphorylation of CLIP-170 enhances its localization at unattached kinetochores, it is reasonable that we observed both phosphorylation events facilitate the generation of timely microtubule-kinetochore attachments. We propose that CLIP-170 phosphorylation mainly functions in initial formation of microtubulekinetochore attachments at kinetochores. We first provide evidence that phosphorylation at CLIP-170-S1318 facilitates interaction of CLIP-170 on unattached kinetochores through promoting its binding to dynactin at kinetochores. Second, cold treatment experiments showed that CLIP-170-S195 and -S1318 phosphorylation is involved in timely formation of kinetochore-microtubule attachments, as both GFP-CLIP-170-S195A-and -S1318A-expressing cells exhibit slower kinetochore fibre formation. Third, phosphorylated CLIP-170, especially at S1318, was mainly observed on spindle microtubules. As CLIP-170 is supposed to serve as a bridge between spindle microtubules and unattached kinetochores in generation of attachments, we propose that CLIP-170 phosphorylation would improve the formation of bridge, therefore, facilitating the initial lateral attachments upon nuclear envelope breakdown, which is known to be a dynein-mediated process (Yang et al, 2007) . Thus, we want to point out that phosphorylation of CLIP-170 at the two sites we described here is unlikely required to form mature attachments as we show that cells expressing CLIP-170 phosphomutants eventually enter anaphase, a clear indication of functional kinetochoremicrotubule attachments. Whether phosphorylation at other sites affects mature attachments waits further investigation.
In conclusion, we have shown that CLIP-170 is a substrate for both Plk1 and CK2 and that CK2-dependent phosphorylation of CLIP-170 is involved in its dynactin-dependent kinetochore localization during mitosis. We also conclude that Plk1 phosphorylation of CLIP-170 enhances CK2-mediated phosphorylation of CLIP-170 and that both phosphorylation events are involved in timely microtubule-kinetochore attachments (Figure 7 ).
Materials and methods
Vector construction, RNAi, cell culture, and transfection
Detailed information on the construction of various expression or RNAi vectors, cell culture, and DNA transfection are described in Supplementary data.
Antibodies
Two phospho-specific antibodies against S195 and S1318 of CLIP-170 were generated by Proteintech, Chicago. Briefly, two peptides containing phospho-S195 (NLTKTASESpISNLSEAG) and phospho-S1318 (GDDLNNYDSpDDQEKQSK) were synthesized and used to immunize rabbits. After the antibodies were affinity purified, a series of control experiments was performed to confirm the specificity of the antibodies. Sources of other antibodies are described in Supplementary data.
IP, IB, IF staining, time-lapse videomicroscopy, and kinase assays
Detailed information of IP, IB, and IF staining, time-lapse videomicroscopy, and in vitro kinase assays with purified Plk1 and CK2 are described in Supplementary data.
Figure 7
A model to illustrate how Plk1/CK2 phosphorylation of CLIP-170 regulates the timely microtubule-kinetochore attachment. At late G2/early prophase, Plk1 interacts with CLIP-170 at centrosomes and phosphorylates CLIP-170 at S195. Plk1-mediated phosphorylation of CLIP-170 promotes its association with CK2 at its N-terminus, subsequently facilitating CK2 phosphorylation of CLIP-170 at S1318. Upon S1318 phosphorylation, CLIP-170 is recruited to kinetochores through its interaction with the dynein/dynactin complex, which localizes on unattached kinetochores at prometaphase. Finally, CLIP-170 recruits spindle microtubules to unattached kinetochores thus to create timely microtubule-kinetochore attachments.
